The experimentally observed non-monotonic temperature-dependence of the surface roughness in Ag/Ag(100) growth over the temperature range T = 55−180 K is examined. In general, we find that the surface roughness depends sensitively on a competition between a variety of low-barrier processes including downward funneling, edge-zipping and diffusion, atom-attraction, and interlayer diffusion at kinks. By taking these processes into account, along with the attraction of depositing atoms to microprotrusions, excellent agreement with experiment is obtained over the entire temperature range.
Recently, there has been a great deal of progress in understanding the morphological evolution in epitaxial thin film growth (for a recent review see Ref. 1) , and a variety of effects and processes have been shown to play an important role. In addition to growth temperature, deposition flux, and deposition angle, 2 these include the effects of crystal geometry, 3 the Ehrlich-Schwoebel (ES) barrier to interlayer diffusion, 4 edge-and corner-diffusion, 5, 6 and the attraction of depositing atoms to the substrate.
2,7
Understanding these effects is important, since they can have a strong effect on a variety of important film properties including the surface morphology.
One case of particular interest is that of Ag/Ag(100) growth for which an unusually complex dependence of the surface roughness on deposition temperature has been observed over the temperature range T = 55 K -300 K. 8 In particular, as the temperature was reduced below 300 K, the roughness of 25 monolayer films was found to first increase -with a peak at approximately 220 K -and then decrease as the temperature was further reduced. As the temperature was decreased below 135 K, the roughness again increased -with a second low-temperature peak at approximately 90 K -and then decreased again as the temperature was further reduced to 55 K.
The non-monotonic behavior of the surface roughness at high temperature (T = 135 K -300 K) has been explained by Stoldt et al. 8 In particular, the increase in the surface roughness as the temperature is decreased from 300 to 220 K is due to the increased effect of the ES barrier to interlayer diffusion as the temperature is decreased over this temperature range. Similarly, the decrease in the surface roughness as the temperature is further decreased from 220 K to 135 K has been explained by the increased role of downward funneling (DF) 9 of atoms deposited near step-edges, due to the increased island-and step-density as the monomer diffusion rate decreases. Using a simplified kinetic Monte Carlo (KMC) model which includes relatively small but non-zero barriers for DF of atoms deposited at non-fourfold hollow sites (e.g. 'restricted' DF), Stoldt et al 8 were able to partially explain the initial increase in roughness at low temperature (T < 135 K). However, the resulting model led to poor agreement with experiment and was also unable to explain the decrease in the roughness below 90 K. In addition, it leads to predictions 8, 10 for the lowtemperature thin-film vacancy density which are more than an order of magnitude higher than the results of recent parallel temperature-accelerated dynamics (par-TAD) simulations.
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Here we show that by taking into account the existence of very-low barriers for edge-smoothing ('edgezipping') and DF at three-fold hollow sites, along with the effects of SR attraction of depositing atoms to microprotrusions, excellent quantitative agreement with experiment can be obtained over the temperature range T = 55 − 110 K. Furthermore, by taking into account the existence of low barriers for concerted interlayer diffusion at and near kinks, both qualitative and quantitative agreement with experiment can be obtained over the entire low-temperature range (T = 55 − 135 K) as well as at higher temperatures. We note that our model also leads to a negligible low-temperature vacancy density in good agreement with accelerated dynamics simulations of low-temperature Cu/Cu(100) growth.
In order to include the effects of short-range (SR) attraction in our simulations, we have used a hybrid model which combines a one-atom molecular dynamics (MD) simulation of the deposition process with kinetic Monte Carlo (KMC) simulations of activated events. Following this method, the depositing atom is assumed to follow the trajectory determined by its interaction with the substrate (with the substrate atoms held fixed in their lattice positions) until its distance to the closest substrate atom is equal to the nearest-neighbor distance. The depositing atom is then placed at the nearest fcc lattice site, and unless this site is a four-fold hollow site or other site with a barrier for DF, assumed to undergo DF until it reaches a four-fold hollow site or "trap" site with a barrier for DF. We note that in recent simulations of normal incidence Cu/Cu(100) growth at T = 160 K, 14 the surface roughness obtained using this method was found to be only slightly lower than that obtained by carrying out a full MD simulation of the depositing atom and surrounding substrate. In order to check for the dependence on interaction potential, our MD simulations were carried out using two different potentials: an embedded-atom method (EAM) potential 12 as well as a Lennard-Jones (LJ) Ag potential 13 with approximately the same cut-off as the EAM potential. However, since there was very little dependence on the potential, to save computation time most of our simulations were carried out using the simpler LJ Ag potential. Fig. 1(a) shows the key low-barrier activated processes for DF included in our KMC simulations which become active over the temperature range 55 − 110 K. As in Ref. 8 , we assume that DF is effectively instantaneous for atoms deposited at non-fourfold-hollow sites with coordination number m < 3 (where m is the number of nearest-neighbors for a given atom) as well as for atoms with m = 3 on (111) microfacets, since the barriers for these transitions are less than 0.1 eV. Based on similar observations, we also assume instantaneous DF for atoms with only 2 support sites, regardless of the number of inplane bonds. In agreement with Ref. 8, we also assume that for atoms at 3-fold support sites with 2 in-plane lateral bonds ("3+2"), the barrier for DF is 0.25 eV, while the barrier for atoms with 3-fold support sites with 3 inplane lateral bonds is somewhat larger (0.30 eV). However, in contrast to Ref. 8 , in which DF barriers of 0.15 eV (0.25 eV) were assumed for atoms at sites with three supporting atoms and 0 (1) lateral bond respectively, here we assume that DF is essentially instantaneous for such sites, since our EAM calculations yield values less than 0.1 eV.
Also shown in Fig. 1 are the barriers for a variety of intralayer activated processes, since in contrast to Ref. 8 we do not assume instantaneous island restructuring to form square islands. Except for the processes of edge-diffusion and 'atom-attraction' shown in Figs. 1(c)(i) and 1(c)(ii), all barriers for intralayer diffusion were calculated based on the results of EAM calculations by Furman et al 16 in which the activation energies were calculated as a function of the occupation numbers of the 7 sites surrounding the moving atom labelled 1 through 7 in Fig. 1(b)(0) . However, since the effect of sites 6 and 7 on the activation barrier is relatively weak, for simplicity in our KMC model we have only used the occupation numbers of sites 1 − 5, and have assumed that sites 6 and 7 are empty. In particular, as shown in Fig. 1(b) , there exists a very low barrier of 0.16 eV for an atom to be "attracted" to an empty site with two lateral bonds ('edge-zipping'). Such 'edge-zipping' processes tend to enhance the regularity of step-edges thus suppressing DF. In addition to these EAM-based barriers, we have also included, based on density-functional-theory calculations, 17 a barrier of 0.30 eV for the diffusion of singly-bonded atoms along island-edges ("edge diffusion") as shown in Fig. 1(c)(i) . We note that this barrier is significantly lower than the barrier 17 (0.45 eV) for monomer diffusion on a flat terrace. Since the activation energy for the related process of "atom-attraction" shown in Fig. 1(c) (ii) is expected to be close to the edge-diffusion barrier, a comparable value of 0.3 eV has also been assumed for this process.
In addition to the processes shown in Fig. 1 , our model includes a variety of other intralayer diffusion processes with higher activation barriers, 16 as well as a high barrier 8 (0.51 eV) for monomer descent at close-packed step-edges. However, since the barriers for these moves are all greater than 0.45 eV, they are only relevant above 165 K. Thus, in addition to the SR attraction of depositing atoms to the substrate, our model includes the following processes: (i) DF for atoms with m ≤ 3 as well as for atoms at 3 + 1 sites and all two-fold hollow sites (ii) restricted DF with an activation barrier of 0.25 eV (0.30 eV) for atoms at three-fold hollow sites with 2 (3) in-plane bonds (iii) low barrier and very low barrier edgesmoothing moves. For all activated events a prefactor of 10 12 s −1 is assumed. 16 In order to compare with the experiment of Ref. 8, our simulations were carried out using the experimental deposition rate of 0.02 ML/s.
Using this model, the experimentally observed nonmonotonic behavior of the surface roughness over the temperature range 55 − 110 K may be explained as follows. As the temperature is decreased from 110 K to 85 K the DF of atoms deposited at "3+3" sites (with activation energy of 0.3 eV) is first suppressed at 110 K, followed by the suppression of DF at "3+2" sites at 90 K, thus leading to an increase in the surface roughness. However, as the temperature is further reduced below 85 K, the very-low-barrier edge-zipping mechanism -which can convert 3-fold hollow sites to stable 4-fold hollow sites, as shown in Fig. 1(b) (ii) -is also suppressed. This leads to an increase in the amount of DF thus leading to a decrease in the surface roughness. Fig. 2 shows our simulation results for the surface roughness along with the corresponding experimental results of Stoldt et al. 8 As can be seen, there is excellent quantitative agreement with experiment for T = 55−110 K. In contrast, if we remove the low-barrier zipping events shown in Fig. 1(b) , then the surface roughness increases approximately monotonically with decreasing temperature over this temperature range. We note that this behavior is very similar to that found in Ref. 8 using a model which does not take into account the effects of SR attraction or the existence of finite barriers for edge-smoothing. This indicates that the inclusion of low-barrier zipping events is crucial to explain the experimentally observed non-monotonic behavior. Also shown in Fig. 2 are results obtained in the absence of SR attraction. While the experimentally observed nonmonotonic behavior is still reproduced in this case, the surface roughness is significantly lower than in experiment, thus indicating that the attraction of depositing atoms to microprotrusions also plays a crucial role in determining the surface roughness.
We now consider the temperature range from 110 K to 135 K. We note that over this temperature range both edge-diffusion and atom-attraction become active, even though terrace diffusion of isolated monomers and interlayer diffusion at close-packed step-edges remain inactive. In particular, due to the increased effects of edge-diffusion, which tends to regularize step-edges and thus reduce DF, one expects the surface roughness to increase with increasing temperature over this tempera- ture range. This is in contrast to the experimental results of Ref. 8 which indicate a further decrease in the roughness. However, by including in our simulations the low-barrier concerted interlayer diffusion processes for monomers, dimers, and trimers near kinks shown in Fig. 3 -which also become active over this temperature range -good agreement with experiment is obtained as shown in Fig. 2 . Interestingly, the origin of the low activation barriers shown in Fig. 3 is the same as for edge-diffusion and edge-zipping, e.g. the existence of "side-atoms" which can attract the displaced atoms as they move to their new sites. Accordingly, as shown in Fig. 3 , the interlayer diffusion barrier is even lower when there are two "attracting" side-atoms corresponding to a "double-kink" rather than one. We note that the interlayer diffusion barriers shown in Fig. 3 were calculated either directly using the VoterChen EAM potential for Ag, 12 or by carrying out par-TAD annealing simulations of representative configurations, while a prefactor of 10 13 s −1 was assumed for all interlayer diffusion moves. 18 We also note that while the 0.3 eV monomer interlayer diffusion process shown in Fig. 3(a)(iv) -for which the activation barrier has been previously calculated in Ref. 15 -plays an important role, the even lower barrier process shown in Fig. 3(a)(iii) is also important. Due to the high dimer and trimer density over this temperature range, the low-barrier "dimer" and "trimer" interlayer diffusion processes shown in Figs. 3(b) (ii)-(iv) and 3(c)(ii) also play important roles. For comparison, also shown in Fig. 3 are a number of other interlayer diffusion processes with significantly higher bar- riers. Finally, we consider the surface roughness for T > 135 K. As can be seen in Fig. 2 , due primarily to the increased effects of edge-diffusion and edge-zipping, which suppress interlayer diffusion by decreasing the kink density, but also due to "atom-attraction" (which tends to suppress interlayer diffusion at kinks by forming dimers and trimers) the surface roughness increases with increasing temperature in good agreement with experiment. Thus, our results indicate that over the temperature range from 110 to 180 K, the surface roughness depends sensitively on a competition between a variety of low-barrier processes including interlayer diffusion at kinks, edge-diffusion, edge-zipping, and atom-attraction.
Interestingly, while the overall effect of edge-zipping is to enhance the surface roughness by regularizing stepedges and suppressing DF, for T > 110 K it can also promote interlayer diffusion. As an illustration of how edge-zipping can enhance interlayer diffusion over this temperature range, Fig. 4 shows a sequence of configurations obtained in larger-scale parTAD simulations at 120 K. As can be seen, a sequence of zipping moves occurs before the atom in the upper layer can exchange at a kink site via the low-barrier (0.2 eV) process shown in Fig. 3(a)(i) .
In conclusion, we have shown that by taking into account the existence of low-barrier processes for step-edge smoothing, DF, and interlayer diffusion, as well as the SR attraction of depositing atoms to microprotrusions, the dependence of the surface roughness in Ag/Ag(100) growth over the temperature range 55 − 180 K can be quantitatively explained. In particular, while the increase in the roughness as the temperature is decreased from 110 K to 90 K is due to the suppression of DF of atoms deposited at "3+2" and "3+3" sites, the decrease in the roughness as the temperature is reduced below 90 K is due to the suppression of edge-zipping along with the existence of low-barrier processes for DF. In contrast, the decrease in the surface roughness from 110 K to 135 K is primarily due to the presence of low-barrier processes for interlayer diffusion at kinks which "turn-on" over this temperature range. Finally, for T > 135 K the increased effects of edge-diffusion lead to a decreased kink density which suppresses the low-barrier mechanisms for interlayer diffusion resulting in an increase in the roughness with increasing temperature. It is the complex interplay between all of these different processes which leads to the non-monotonic temperature-dependence observed in experiment.
